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D scription ~ 

Fi Id Of The Invention 

5 [0001 ] The present invention relates to fuel cells operating directly on fuel streams comprising dimethyl ether in which 
dimethyl ether is directly oxidized at the anode. In particular, it relates to solid polymer fuel cells operating directly on 
liquid fuel streams comprising dimethyl ether. The dimethyl ether may serve as the primary fuel or as a component of 
a mixed fuel. 

10 Background Of The Invention 

[0002] Solid polymer electrochemical fuel cells convert reactants, namely fuel and oxidants, to generate electric 
power and reaction products. Electrochemical fuel cells generally employ an electrolyte disposed between two elec- 
trodes, namely a cathode and an anode. An electrocatalyst Is needed to induce the desired electrochemical reactions 

15 at the electrodes. Solid polymer fuel cells operate in a range from about 80°C to about 200°C and are particularly 
preferred for portable and motive applications. Solid polymer fuel cells employ a membrane electrode assembly ("MEA") 
which comprises a solid polymer electrolyte or ion-exchange membrane disposed between the two electrode layers. 
Flow field plates for directing the reactants across one surface of each electrode substrate are generally disposed on 
each side of the IVIEA. The electrocatalyst used may be a metal black, an alloy or a supported metal catalyst, for 

20 example, platinum on carbon. The electrocatalyst is typically incorporated at the electrode/electrolyte Interfaces. This 
can be accomplished, for example, by depositing it on a porous electrically conductive sheet material, or "electrode 
substrate", or on the membrane electrolyte. 

[0003] Effective sites on the electrocatalyst are accessible to the reactant, are electrically connected to the fuel cell 
current collectors, and are ionlcally connected to the fuel cell electrolyte. Electrons, protons, and possibly other species 
25 are typically generated at the anode electrocatalyst. The electrolyte is typically a proton conductor, and protons gen- 
erated at the anode electrocatalyst migrate through the electrolyte to the cathode. 

[0004] A measure of electrochemical fuel cell performance is the voltage output from the cell for a given current 
density. IHigher perfomiance Is associated with a higher voltage output for a given current density or higher current 
density for a given voltage output. Another measure of fuel cell perfomiance Is the Faradaic efficiency, which is the 

30 ratio of the actual output current to the total current associated with the consumption of fuel in the fuel cell. For various 
reasons, fuel can be consumed in fuel cells without generating an output current, such as when an oxygen bleed is 
used In the fuel stream (for removing carbon monoxide Impurity) or when fuel crosses through a membrane electrolyte 
and reacts on the cathode Instead. A higher Faradaic efficiency thus represents a more efficient use of fuel. 
[0005] A broad range of reactants have been contemplated for use in electrochemical fuel cells and such reactants 

35 may be delivered in gaseous or liquid streams. The oxidant may, for example, be substantially pure oxygen or a dilute 
oxygen stream such as air. The fuel stream may be substantially pure hydrogen gas, a gaseous hydrogen-containing 
refomnate stream derived from a suitable feedstock, or a suitable gaseous or liquid organic fuel mixture. 
[0006] The choice of fuel may vary depending on the fuel cell application. Preferably, the fuel is relatively reactive 
eiectrochemlcally, inexpensive, easy to handle, and relatively safe for the environment. Hydrogen gas is a preferred 

40 fuel since it is eiectrochemlcally reactive and the by-products of the fuel cell reaction are simply heat and water. How- 
ever, hydrogen can be more difficult to store and handle than other fuels or fuel feedstocks, particularly in non-stationary 
applications (e.g. portable or motive). For this reason, liquid fuels are preferred In many applications. Fuel ceil systems 
employing liquid fuels generally incorporate a reformer to generate hydrogen as required from a liquid feedstock that 
is easier to store and handle, e.g. methanol. However, the use of a reformer complicates the construction of the system 

45 and results In a substantial loss in system effteiency. To avoid using a separate reformer, fuels other than hydrogen 
may Instead be used directly In fuel cells (i.e. supplied unrefonned to the fuel cell anodes). Inside the fuel cell, a fuel 
mixture may be reacted eiectrochemlcally (directly oxidized) to generate electricity or instead It may first be reformed 
in-situ (Internally reformed), as in certain high temperature fuel cells (e.g. solid oxide fuel cells). After being internally 
refomned, the fuel is then eiectrochemlcally converted to generate electricity. While such fuel cell systems may employ 

50 fuels that are easier to handle than hydrogen, without the need for a separate refonner subsystem, generally hydrogen 
offers fundamental advantages with regards to perfomiance and the environment. Thus, Improvements In these areas 
are desirable in order for internally reforming and direct oxidation fuel cell systems to compete more favorably to hy- 
drogen-based systems. 

[0007] A direct methanol fuel cell (DMFC) is a type of direct oxidation fuel ceil that has received much attention 
55 recently. A DMFC Is generally a liquid feed solid polymer fuel cell that operates directly on an aqueous methanol fuel 
mixture. There is often a problem In DMFCs with substantial crossover of methanol fuel from the anode to the cathode 

side through the membrane electrolyte. The methanol that crosses over then reacts with oxidant at the cathode and 
cannot be recovered, resulting In significant fuel inefficiency and deterioration in fuel cell performance. To reduce cross- 
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overrvery-dllatesolutionsof methano|-(e:grabout5%-methanoMn-water^^^ 

Unfortunately, such dilute solutions afford only minimal protection against freezing during system shutdown in cold 
weather conditions, typically down to about -S^'C. 

[0008] In PCT/lntemational Publication No. WO 96/1 231 7 (Application No. PCT/US94/1 1911), alternative liquid fuels, 
5 including dimethoxymethane (DMM), trimethoxymethane (TMM), and trioxane, are suggested for direct use in liquid 
feed solid polymer fuel cells. Like methanol, these fuels can be oxidized at the fuel cell anode to torn) carton dioxide 
and water at a rate that provides satisfactory fuel cell performance. Methanol appears to be an intermediate product 
of the oxidation for each of these fuels. 

[0009] Dimethyl ether (DME) is available in quantity and has been considered as a cleaner alternative fuel for diesel 
10 combustion engines. DME is a gas at room temperature and pressure, but it will liquefy at about 5 bar. DME is also 
highly soluble in water. Aqueous solutions somewhat greater than 1 .5 M DME can be prepared at ambient temperature 
and pressure. DME can be synthesized from natural gas with greater efficiency than methanol and thus it may be 
prefen^ed over methanol as a fuel or fuel feedstock. DME can be made from methanol via an essentially Irreversible 
reaction, whereas methanol is typically made via a reversible reaction step. Consequently, a higher yield of DME can 
15 be produced than methanol. Further, DME is relatively safe, especially compared to other common ethers. 

[001 0] DME has been used as a feedstock in producing reformate streams for use as fuel streams in fuel cell systems 
by external reforming. For instance, R.A.J. Dams et ai. discuss the possibility of using refonned DME for solid polymer 
fuel cells in 'The processing of alcohols, hydrocarbons and ethers to produce hydrogen for a PEMFC for transportation 
applications", Proc. Inter. Soc. Energy Convers. Eng. Conf . (1 997), 32nd, p 837-842, Society of Automotive Engineers. 
20 Various apparatus and methods for reforming DME have been disclosed in the art, for example, in published European 
Patent No. 0754649 and PCT/lntemational Publication No. WO 96/1 8573 (Application No. PCT/US96/1 5628). Further- 
more, DME has been used as a fuel stream in solid oxide fuel cells, which typically operate circa 1 0OO^C. In this case, 
the DME is intemally refomned in the fuel cell to produce molecular hydrogen and carbon oxides with the hydrogen. In 
turn, being oxidized at the anode. 

25 

— " Summary Of The Invention " ~ 

[0011] Under certain conditions, it has been discovered that surprisingly good performance can be obtained from a 
fuel cell operating directly on dimethyl ether wherein dimethyl ether is directly oxidized to generate protons at the anode 

30 electrocatalyst. The operating temperature of the fuel cell is lower than that for internally reforming dimethyl ether to 
form molecular hydrogen. For instance, solid polymer fuel cells typically operate at temperatures less than about 200°C, 
which is generally too low to Intemally refonn dimethyl ether. Yet, direct dimethyl ether solid polymer fuel cells can 
exhibit satisfactory performance, particularly when compared to methanol perfomnance in liquid feed solid polymer fuel 
cells. Thus, dimethyl ether is suitable for use as the primary fuel in a direct fuel cell system. Alternatively, since dimethyl 

35 ether has a desirably low freezing point, it may be used as a reactive antifreeze additive in the fuel supply of a liquid 
feed fuel cell, such as that of a direct methanol fuel cell. 

[001 2] In a direct dimethyl ether fuel cell, a fuel stream comprising dimethyl ether Is supplied directly to the fuel cell 
anode for direct oxidation therein. Thus, a direct dimethyl ether fuel cell system comprises a system for supplying a 
dimethyl ether fuel stream to the anode. The fuel stream may contain other reactants and may desirably be supplied 

40 as a liquid. For instance, water is a reactant and the fuel stream may be an aqueous solution of dimethyl ether. Where 
the dimethyl ether is used as a primary fuel, concentrated solutions (about 1 .5 moles of dimethyl ether per liter of water 
and up) may be employed. Or, the dimethyl ether may be used In combination with one or more additional fuels. For 
instance, the liquid fuel stream may comprise greater than about 0.1 mole of dimethyl ether per liter of water. The fuel 
stream may also optionally contain an acid. 

45 [001 3] The rate of reaction of dimethyl ether at the fuel ceil anode may be significantly improved by employing higher 
fuel supply pressures. For instance, it can be advantageous to supply a liquid fuel stream to the anode at a pressure 
greater than about 4 bar absolute. The anode of the fuel cell may comprise a platinum ruthenium alloy electrocatalyst. 
[0014] On the oxidant side, the perfomriance of a direct dimethyl ether fuel cell may be satisfactory at a relatively low 
oxidant pressure, e.g. less than about 3 bar absolute. Further, the perfonnance may be satisfactory at a relatively low 

50 oxidant stoichiometry. e.g. less than about 1 .6. (Herein, stoichiometry is defined as the ratio of reactant supplied to 
that of reactant consumed.) The use of lower oxidant stolchiometries and/or pressures can be advantageous since 
supply of a compressed oxidant stream can represent a substantial parasitic load in a fuel cell system. Also, the startup 
of fuel cell systems from shutdown may often be delayed until compressors can supply an adequate supply of com- 
pressed air. Being able to operate at lower oxidant pressures can therefore accelerate the startup of such systems. 

55 [0015] Particularly at low curent: densities, a direct dimethyl ether fuel cell may show efficiency advantages over 
other fuel cell types. For instance, an efficiency advantage may be obtained over direct methanol fuel cells particularly 
at current densities less than about 300 mA/cm^. Efficiencies are generally Improved by recirculating un reacted dimethyl 
ether back into the fuel stream. Unreacted dimethyl ether is generally present in the anode exhaust, and it may also 
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bepresentinthecathodeexhaustasaresult'of crossoverthroughtheelectrolyterHoweverru 

like methanol, dimethyl ether does not typically react at the cathode electrocatalyst. Thus, any dimethyl ether fuel that 
crosses over to the cathode side is not consumed and need not be irreversibly lost. In principle therefore, unreacted 
dimethyl ether may be recirculated into the inlet fuel stream from both the cathode and anode exhausts. 

5 [0016] A pretended system for directly supplying dimethyl ether in a fuel cell system may additionally comprise a 
mixing apparatus for providing the fuel stream for the fuel cell. Mixing apparatus inlets may then be fluidly connected 
to supplies of dimethyl ether and water reactant, while a mixing apparatus outlet may be fluidly connected to the anode 
of the fuel cell. If an additional fuel, such as methanol, is desired in the fuel stream, a supply of the additional fuel may 
also be fluidly connected to a mixing apparatus Inlet. For various reasons, e.g. obtaining higher operating efficiencies 

10 under varying loads, it may be desirable to vary the composition of the fuel stream supplied to the anode during the 
operation of the fuel cell. In such a case, the mixing apparatus would desirably modify the composition in accordance 
with a suitable operating parameter of the fuel cell. To recirculate dimethyl ether from an electrode exhaust, a recircu- 
lation loop can be employed that fluidly connects the electrode exhaust to another mixing apparatus inlet. A heat 
exchanger may be employed in the recirculation loop to cool the fuel stream discharged from the electrode. 

15 [0017] Having dimethyl ether in the fuel supply provides protection against freezing of a fuel cell system in general. 
However, introducing dimethyl ether into the cathode before shutdown is also beneficial in that freezing of water in the 
cathode during shutdown is prevented. 

Brief Description Of The Drawings 

20 

[0018] 

Figure 1 shows a schematic diagram of a direct dimethyl ether solid polymer fuel cell system. 

25 Figures 2a and 2b show cyclic voltammetry curves for aqueous solutions of methanol and dimethyl ether respec- 

tively in a voltage range of interest for fuel cell operation. ' 

Figure 2c shows Tafel plots for the oxidation of aqueous solutions of methanol, dimethyl ether, and dlmethoxymeth- 
ane. 

30 

Figure 3 compares the polarization curves of a direct dimethyl ether fuel cell to that of a direct methanol fuel cell. 

Figure 4 compares various efficiencies of a direct dimethyl ether fuel cell to that of a direct methanol fuel cell. 

35 Figure 5 compares the perfomnance of a direct dimethyl ether fuel cell to that of a direct methanol fuel cell as a 

function of oxidant stoichiometry. 

Figure 6 shows the effect of fuel stream pressure on the anode polarization curves for a direct dimethyl ether fuel 
cell. 

40 

Figure 7a compares the polarization curves for a fuel cell operating directly on an aqueous 0.25 M dimethyl ether/ 
0.25 M methanol solution to one operating on an aqueous 0.25 M methanol solution. 

Figure 7b compares the polarization curves for a fuel cell operating directly on an aqueous 0.1 M dimethyl ether/ 
^ 0.4 M methanol solution to fuel cells operating on aqueous 0.5 M methanol and 0.4 M methanol solutions. 

Detailed Description Of The Pretterred Embodiments 

[0019] A preferred fuel cell system, comprises a stacl< of solid polymer .fuel cells operating directly on dimethyl ether 
50 (DME). DIVIE reacts directly with water at the fuel cell anodes to generate protons, electrons, and carbon dioxide. At 
the cathodes, the protons and electrons combine with oxygen to generate water. The fuel stream supplied to the anode 
thus comprises a suitable mixture of DME and water. For volume efficiency, particulariy for non-stationary applications, 
the fuel stream and/or its constituents are preferably stored In liquid fonn. 

[0020] Figure 1 shows a schematic diagram of a direct dimethyl ether solid polymer fuel celt system operating on a 
55 liquid fuel feed and employing exhaust recirculation. For purposes of illustration, the stack is represented merely by a 
single liquid feed fuel cell 10 in Figure 1. Fuel cell 10 contains a membrane electrode assembly (MEA) comprising a 
porous cathode 4 and porous anode 1 that are bonded to a solid polymer membrane electrolyte 5. The porous anode 
1 typically comprises a carbonaceous substrate 2 and electrocatalyst layer 3. Proton conducting ionomer is preferably 
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disperBed'throughout the"electrocatalyst-|ayer3-and"optlonallyrthe"substrate"2rln"a"lik^^ 

typically comprises a carbonaceous substrate 6 and electrocatalyst layer 7 with lonomer similarly dispersed throughout. 
Oxidant flow field 8 and liquid fuel flow field 9 are pressed against cathode substrate 6 and anode substrate 2 respec- 
tively on the faces opposite the membrane electrolyte 5. Fuel cell 10 has an oxidant Inlet 11, an oxidant outlet 12, a 
5 liquid fuel stream inlet 13, and a liquid fuel stream outlet 14. Electrical power is obtained from the fuel cell via positive 
and negative terminals 15 and 16 respectively. 

[0021] As shown in Figure 1 , the fuel stream is a DME/water mixture derived from a DM E/water supply 20, a liquefied 
DME supply 21 , and a recirculated DME/water mixture from line 27. The DME/water supply 20 is provided at a desired 
concentration for fuel cell operation. The arrangement shown here may be prefen^ed If the recirculated DME/water 

10 mixture generally contains a lower concentration of DME than Is desired in the fuel stream. In such a case, the desired 
concentration can be prepared by suitably augmenting the mixture with DME via line 27 from DME supply 21 . An 
advantage of this arrangement is that each of the DME/water supply 20, liquefied DME supply 21 , and line 27 may 
comprise sufficient DME In their respective fluids to provide protection against freezing In low temperature conditions. 
Other arrangements may be preferable however depending on the specifics of system construction and operation. 

15 [0022] Fluids from each of the DME/water supply 20, liquefied DME supply 21 , and line 27 are then supplied to inlets 
of mixing apparatus 22 in which the fluids are combined to fomi an appropriate fuel stream. Under certain circumstanc- 
es, it may be desirable to be able to vary the composition of the fuel stream. For instance, if methanol/DME/Water fuel 
streams are employed, it might be desired to increase the DME concentration during low fuel cell loads In order to 
obtain higher efficiency. 

20 Consequently, it may be desirable to control the composition of the fuel stream provided by mixing apparatus 22 in 
accordance with certain system parameters (e.g., stack voltage). Suitable concentration sensors may desirably be 
employed In order to monitor and control the fuel stream composition. 

[0023] Preferably, the fuel stream contains a high concentration of fuel in order to obtain higher rates of reaction and 

to reduce the amount of water circulating through the anode. The solubility of DME in water is relatively high, about 
25 1 .6 moles/liter at standard temperature and pressure. DME solutions in this concentration range can be employed in 
direct DME fuel cells. Further, it has been found that higher fuel stream pressures can result in significantly higher 
rates of reaction in certain direct DME fuel cells. Thus, higher fuel stream pressures may be prefen^ed (e.g. ^ 4 bars 
absolute). 

[0024] The fuel stream in Figure 1 flows through fuel flow field 9 and the excess is then discharged to separator 23 
30 where carbon dioxide reaction product may be separated from unreacted DME and water in the fuel stream exhaust. 
Carbon dioxide may then be vented via line 25 while the unreacted DME/water mixture may be recirculated via line 
27. A heat exchanger 26 may be employed to cool some or all of the recirculating fluid stream. 
[0025] The oxidant stream in Figure 1 is provided by a compressed air supply 28 and flows through oxidant flow field 
8. The use of dimethyl ether can allow low oxidant stoichiometries to be used (e.g. less than 1 .6) without adversely 
35 affecting fuel cell perfomiance. Consequently, less compressed air is required, thereby reducing parasitic power losses 
associated with use of a compressor. 

[0026] Under the above fuel stream conditions, and depending on the membrane 5, DME may cross over to the 
cathode in otherwise conventional solid polymer fuel cell constmctions. Advantageously though, conditions at the cath- 
ode are not the same as those at the anode and the reaction of DME at the cathode is generally negligible with con- 

40 ventional cathode electrocatalysts. This unreacted DME is desirably recovered as well and thus a recirculation loop 
from the cathode exhaust may also be employed as shown in Figure 1 . Separator 29 may be used to separate oxygen 
and any carbon dioxide from DME and water In the cathode exhaust. The former may be vented out line 31 while the 
latter may be recirculated via line 30. Separator 29 may for example employ pressure swing absorption, water absorp- 
tion, or membrane separation methods to accomplish such separation. 

45 [0027] White DME crossover may be significant in conventional solid polymer fuel cell constructions, it is expected 
that the extent of crossover might be reduced with suitable improvements to membranes or anode electrocatalysts. 
More selective membranes may pass protons but negligible DME. Or, improved anode electrocatalysts may provide 
satisfactory reaction rates, but at lower fuel pressures, thereby reducing crossover. 

[0028] DME is used as the primary fuel in the.system shown in Figure 1 . However, DME offers potential benefits as 
so an antifreeze fuel or fuel additive by protecting against freezing at the anode side of the fuel cell system during storage. 

Further, some DME diffuses into and through the proton exchange membrane electrolyte, thus helping to prevent 

freezing of the membrane electrolyte. To prevent freezing at the cathode side, it may be desirable to flush a fluid 

comprising dimethyl ether through the cathode to sweep out remaining water and substitute DME solution. 

[0029] The electrochemical reactions that take place in a direct DME solid polymer fuel cell are not completely un- 
S5 derstood. However, without being bound by theory, the following proposed reactions and discussion appear to match 

the observations to date. 

At the cathode side: 
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25 



12H'' + 12e'+302->6H20 



At the anode side: 



CH3-O-CH3 + 3H2O -> 12H'^ + 12e' + 2CO2 

DME may be first adsorbed on the anode electrocatafyst surface at elevated potential. The adsorbed fragment may 
be attacked by a water molecule, leaving an adsorbed methanol fragment on the electrocatalyst and releasing a mol- 
ecule of methanol. Both the fragment and the released methanol may then either be oxidized as in a conventional 
direct methanol fuel cell (according to the reaction CH3OH -t- H2O -> + 6e' + CO2) or, in the case of the latter, may 
cross over through the membrane. Any methanol that crosses over generally reacts readily at the cathode and thus 
typically negligible methanol is noticed in the cathode exhaust. Carbon dioxide appears in the cathode exhaust however, 
as a product of the methanol crossover reaction and also from crossover of carbon dioxide produced at the anode. 
[0030] Some DME may also cross over to the cathode side but typically does not react. There are several reasons 
why, with conventional cathode electrocatalysts, DME may react at reasonable rates at the anode but not atthe cathode 
including: a low concentration of DME and a high concentration of oxygen at the cathode (which may make It difficult 
for DME to compete with oxygen for adsorption onto the electrocatalyst), a low water concentration (which is needed 
in the reaction), and a low pressure (see the effect of pressure vs. perfonnance in the following Examples). In certain 
embodiments at least, virtually no DM E seems to react on the cathode side. As a result, it can be recovered In principle 
thereby improving fuel efficiency. 

[0031] The following examples have been included to illustrate different embodiments and aspects of the invention 
but these should not be construed as limiting in any way. 



Electrochemical cell examples 



[0032] Cyclic voltammetry curves were obtained for aqueous fuel solutions of methanol and dimethyl ether in a 
voltage range of interest for fuel cell operation. Measurements were made in a test cell containing 0.1 M sulfuric acid 
at 25*^0 at ambient pressure using platinum working, counter, and reference electrodes. The aqueous fuel solutions 
were added to the acid electrolyte while the cell potential was controlled at 50 mV versus RHE (reversible hydrogen 
electrode). Then the voltage was sweeped at 50 mV/s. Figure 2a shows the results (cun^ent as a function of voltage 
versus RHE) for 0.01 M methanol (MeOH) in water. Figure 2b shows the results for 0.1 M DME in water. Background 
sweeps are also shown in each Figure. While the methanol solution shows substantial activity during the sweep, little 
activity is seen for the DME solution. 

[0033] The hydrogen peaks In Figure 2b are practically not affected by the addition of DME (compare the background 
and DME sweeps below 200 mV). This suggests that there is no significant coverage of the working electrode with 
organic species, implying that DME adsorption does not take place. Once the potential exceeded about 300 mV, the 
hydrogen peaks appear somewhat suppressed on a reverse sweep or on subsequent sweeps, suggesting that some 
DME fragment did get adsorbed. After several sweeps (not shown), the cyclic voltammetry results qualitatively appear 
similar to that for the addition of methanol. Without elevating the potential, there is no significant suppression of the 
hydrogen peaks with added DME, even after 15 minutes or elevated temperatures. Thus, it appears that there is no 
conversion of DME to methanol or any other species at low potentials. 

[0034] Under the above conditions, methanol would appear to be a suitable fuel for a direct fuel ceil but, based on 
^ cyclic voltammetry, DME does not seem sufficiently active. 

[0035] In Figure 2c, Tafel plots were obtained for the oxidation of certain aqueous solutions of methanol (MeOH), 

DME, and dimethoxymethane (DMM) at 94°C. The measurement cell employed a platinum/ruthenium anode supplied 
with 0.7M aqueous fuel solutions at a pressure of 3 bar absolute. The ceil also employed a cathode supplied with 

hydrogen that served as a Dynamic Hydrogen Electrode (DHE). 

^0 [0036] The Tafel slopes for the DMM and methanol solutions in Figure 2c are similar, suggesting a similar reaction 
mechanism. For example, the DMM is completely converted to methanol In the cell and then reacts like methanol 
thereafter. However, the slope for the DME solution is substantially less than the others, suggesting a different reaction 
mechanism and further suggesting that DME is not as reactive as either of the other fuels. 

Fuel cell exampi s using DME fuel 

[0037] Solid polymer fuel cells were constructed and tested under varying conditions using DME/water mixtures as 
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the-suppliedfuelstreamrMethanol/water fue|-streams-were~also-usedforxomparat 

indicated in tlie following, the anodes and cathodes comprised unsupported platinum/ruthenium and platinum catalysts 
respectively at about 4 mg/cm^ loadings on TGP grade (product from Toray) carbon fibre paper substrates. The active 
electrode area was about 49 cm^. The membrane electrolyte employed was Nafion™ 117. Compressed air was used 

5 as the oxidant stream at 3 bar absolute pressure and the supplied fuel stream was 1 .5M aqueous DM E at a 5 bar 
absolute pressure (approximately the vapor pressure of DME at room temperature). Fluid flow rates were such that, 
at current densities of 300 mA/cm^, the oxidant stoichiometry was 2, and the fuel stoichiometries were approximately 
25 and 2 for DME and methanol fuel streams respectively. 

[0038] The polarization curves (I.e. voltage as a function of current density) for a direct methanol and a direct DME 
10 fuel cell were determined at approximately 125°C and are shown in Figure 3 (denoted DMFC and DDFC respectively). 
The perfonnance of the direct DME fuel cell (DDFC) compared favorably to that of the direct methanol fuel cell (DMFC). 
At low current density, the operating voltage of the direct DME fuel cell was higher than that of the direct methanol fuel 
cell. 

[0039] The voltage, Faradaic, and total efficiencies (denoted riy, T|p, and y\joj respectively) were detennined for a 

15 direct DME (DDFC) and a direct methanol (DMFC) fuel cell at approximately 11 S'^C. The various efficiencies for each 
cell are compared in Figure 4 over a range of current densities. Here, the voltage efficiency Is given by the operating 
voltage divided by an equilibrium potential associated with the overall reaction in the fuel cell. For the DME reaction, 
the equilibrium potential used to detemnlne the voltage efficiency was 1 .129V (the equilibrium potential at approximately 
110°C and lower heating value). For the methanol reaction, the equilibrium potential used to determine the voltage 

20 efficiency was 1 .057 V (the equilibrium potential at approximately HO^'C and lower heating value). 

[0040] The Faradaic efficiency is indicative of how much electricity is obtained from the reaction of fuel in the fuel 
cell. Thus, Faradaic efficiency is lowered, for Instance, when fuel crosses over and reacts at the cathode without gen- 
erating useable electricity. However, Faradaic efficiency Is unaffected when fuel passes through the fuel cell without 
reacting. This unreacted fuel can be recovered and reused in principle. (Of course, a loss occurs in practice if any 

25 unreacted fuel is not recovered.) 

[0041] Here, Faradaic efficiency is given by the amount of fuel consumed in generating electricity divided by the 
amount of fuel consumed In generating electricity plus that consumed by reaction at the cathode as a result of crossover. 
The amount of fuel consumed In generating electricity is simply detennined from the electrical output of the fuel cell. 
To determine the amount of fuel that reacts at the cathode, it was assumed that only methanol (a proposed intemiediate 

30 in the reaction of DME at the anode that may then cross over to the cathode) reacts at the cathode, thereby generating 
carbon dioxide. DME was assumed not to react. Then, the total amount of carbon dioxide In the cathode exhaust was 
quantified by gas chromatography. After correcting this total amount for the contribution originating from crossover of 
carbon dioxide product from the anode, the remaining carbon dioxide amount then represents that which is generated 
from crossover methanol. The amount of cariDon dioxide which crosses over from the anode was determined by applying 

35 a load to the fuel cell while flowing nitrogen over the cathode. In this way, conditions at the anode during actual operation 
could be duplicated using the load. However, since the cathode is inactive (no oxygen present), the amount of cariaon 
dioxide In the nitrogen exhaust now originates solely from crossover. (A satisfactory cross-check of these values was 
also obtained using an alternative method based on quantifying the amount of oxygen In the cathode exhaust. The 
total amount of oxygen consumed represents that consumed in the generation of electricity plus that consumed in 

40 reacting with crossover methanol.) 

[0042] Finally, the total efficiency is given by the product of the voltage and the Faradaic efficiencies. 

[0043] As shown In Figure 4, the efficiencies of a direct DME fuel cell compare favorably with those of a direct 

methanol fuel cell, particularly at lower current densities. 

[0044] The perfonnance of a direct dimethylether fuel cell (DDFC) as a function of oxidant stoichiometry was com- 
45 pared to that of a direct methanol fuel cell (DMFC), both operating on air as the oxidant stream. Figure 5 compares 
the values obtained at a constant current density of 100 mA/cm^ at approximately 125*'C. Below an oxidant stoichi- 
ometry of about 1.6, the direct methanol fuel cell performance drops off sharply. However, the direct DME fuel cell 
perfonnance remains relatively constant even to oxidant stoichiometries below 1 .2. 

[0045] The effect of fuel stream pressure on the anode polarization curves was determined in a direct DME fuel cell 
50 operating at approximately 1 1 5°C on a 1 .37M aqueous DME fuel stream. Figure 6 shows the voltage versus a dynamic 
hydrogen electrode (DHE) as a function of current density for several fuel stream pressures. Here, the pressure effect 
on the anode has been isolated from any cathode effects by flowing hydrogen at a pressure of 3 bar absolute over the 
cathode, thereby using the cathode as a dynamic hydrogen electrode (DHE). Thus, only anode overpotentlals were 
measured for Figure 6. To prevent Ru in the anode electrocatalyst from dissolving, the voltage was kept below 800m V. 
55 As shown In Figure 6, pressure has a significant effect on the polarization curves. No such pressure effect was seen 
using methanol fuel (not shown). 

[0046] The amount of DME crossover during operation of a direct DME fuel cell was detennined by gas chromatog- 
raphy of the cathode exhaust. The fuel stream used in this cell was pressurized 1 .8 M aqueous DME. Air was directed 
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■to-thexathode-at-485"standard-ml/minute-(correspondlng'to-an-oxldant-stoichiom 

cm2) at 4.5 bar pressure absolute. The DME concentration In the exhaust at several operating current densities at 
approximately ^20'*C appear in the following Table. 



Current density (mA/cm^) 


0 


50 


100 


150 


200 


DME concentration (vol. %) 


2.00 


1.62 


1.34 


1.18 


1.03 



The concentration of CO2 in the cathode exhaust was also measured to be 0.60% at 1 0OmA/cm^. Of this, 0.29% was 
io attributed to CO2 crossover from the anode and 0.31 % was attributed to reaction product from cross over of methanol 
(an intermediate oxidation product detemiined as perthe procedure for detemriining Faradaic efficiency above). Further, 
the DM E concentration in the cathode exhaust was detemnined while flowing nitrogen over the cathode. No significant 
change In the DME concentration was observed when the cathode was switched from operation on oxygen to operation 
on nitrogen, thereby conflmning the assumption that DME does not react at the cathode. 

15 

Fuel ceil examples using methanol/DME fuel 

[0047] Solid polymer fuel cells were also constructed and tested using methanol/DME/water mixtures as the supplied 
fuel stream. Again, methanol/Waterfuel streams were used for comparative purposes. These fuel ceils were constructed 

20 and operated as in the previous Example except that conditions were closer to those of conventional direct methanol 
fuel cells. In particular, a lower fuel stream pressure, 1 bar absolute, was employed (a typical operating pressure for 
a direct methanol fuel cell but not a preferred pressure for a direct DME fuel cell as indicated by Figure 6). Additionally, 
the fuel cells used a different thici<nesses of carbon fibre paper substrate and were operated at approximately 95°C. 
[0048] Figure 7a compares polarization curves for a direct methanol fuel cell operating on 0.25 M aqueous methanol 

25 solution and a direct methanol/DME fuel cell operating on a 0.25 M methanol/0.25 DME aqueous solution. The direct 
methanol/DME-fuel cell compares favorably at low current density although the perfomnance is somewhat poorer at 
higher current density. 

[0049] Figure 7b compares polarization curves for a fuel ceil operating directly on a 0.4 M methanol/0.1 M DME in 
water solution to fuel ceils operating on aqueous 0.5 M methanol and 0.4 M methanol solutions. Again, the direct 
30 methanol/DME fuel cell compares favorably to the direct methanol fuel cells. (Note that the reaction of a mole of DME 
involves twice the number of electrons as does a mole of methanol.) 



Claims 

35 

1. A method of operating a fuel cell, said fuel cell comprising a cathode, an anode, and a solid polymer electrolyte, 
said method comprising supplying a fuel stream comprising dimethyl ether to said anode wherein dimethyl ether 
is directly oxidized at said.anode. 

40 2. The method of Claim 1 wherein the operating temperature of said fuel is less than about 200''C. 

3. The method of Claim 2 wherein said fuel ceil is a solid polymer fuel ceil and said electrolyte comprises a proton 
exchange membrane. 



45 



50 



55 



4. The method of Claim 3 wherein said fuel stream is a liquid. 

5. The method of Claim 4 wherein said liquid fuel stream additionally comprises water. 

6. The method of Claim 5 wherein said liquid fuel stream comprises greater than about 1 .5 moles of dimethyl ether 
per litre of water. 

7. The method of Claim 5 wherein said liquid fuel stream comprises an additional fuel. 

8. The method of Claim 7 wherein said additional fuel is methanol. 

9. The method of Claim 8 wherein said liquid fuel stream comprises greater than about 0.1 mole of dimethyl ether 
per liter of water. 
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•-lOrThemethodof eiaim-lwhereinsaid fuelstreamissupplled tosaidanod^^^^ 
absolute. 

11. The method of Claim 1 wherein said anode comprises a platinum ruthenium alloy catalyst. 

12. The method of Claim 1 wherein the oxidant stream is supplied to said cathode at a pressure less than about 3 bar 
absolute. 

13. The method of Claim 1 wherein the stoichlometry of the oxidant stream supplied to said cathode is less than about 
10 1.6. 

14. The method of Claim 1 wherein the fuel ceil is operated at a current density of less than about 300 mA/cm^. 

15. The method of Claim 1 comprising recirculating unreacted dimethyl ether from the anode exhaust of said fuel cell 
15 into said fuel stream. 

16. The method of Claim 1 comprising recirculating unreacted dimethyl ether from the cathode exhaust of said fuel 
cell into said fuel stream. 

20 17. The method of Claim 15 wherein the recirculating comprises separating unreacted dimethyl ether from the anode 
exhaust by pressure swing absorption, water absorption, or membrane separation. 

1 8. The method of Claim 1 6 wherein the recirculating comprises separating unreacted dimethyl ether from the cathode 
exhaust by pressure swing absorption, water absorption, or membrane separation. 

25 

19. The method of Claim 1 comprising introducing dimethyl ether into said cathode before shutdown whereby freezing 
of the cathode during shutdown is prevented. 

20. The method of Claim 1 comprising varying the composition of said fuel stream supplied to said anode during the 
30 operating of said fuel cell. 

21. The method of Claim 20 wherein the composition varies in accordance with a fuel cell operating parameter. 

22. A fuel cell system comprising a fuel cell and a fuel stream supply comprising dimethyl ether, said fuel cell comprising 
35 a cathode, an anode, and a solid polymer electrolyte, wherein said anode is fluidly connected to directly oxidize 

dimethyl ether in said fuel stream supply comprising dimethyl ether. 

23. The fuel cell system of Claim 22 wherein said fuel cell is a solid polymer fuel cell and said electrolyte comprises 
a proton exchange membrane. 

40 

24. The fuel cell system of Claim 23 wherein said fuel stream is a liquid stream and said fuel cell is a liquid feed solid 
polymer fuel cell. 

25. The fuel cell system of Claim 24 wherein said fuel stream comprises water. 

45 

26. The fuel cell system of Claim 25 wherein said fuel stream comprises an additional fuel. 

27. The fuel cell system of Claim 26 wherein said additional fuel is methanol. 

so 28. The fuel ceil system of Claim 25 wherein said system comprises: 

a mixing apparatus for providing said fuel stream for said fuel cell, said anode fluidly connected to a mixing 
apparatus outlet; and 

supplies of dimethyl ether and water fluidly connected to mixing apparatus inlets. 



55 



29. The fuel cell system of Claim 27 wherein said system comprises: 

a mixing apparatus for providing said fuel stream for said fuel ceil, said anode fluidly connected to a mixing 
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apparatusoutletrand-supplles-of-dimethy|-ether,'water,-and 

methanol fiuidly connected to mixing apparatus inlets. 

30. The fuel cell system of Claim 28 wherein said system comprises a recirculation loop fiuidly connecting an electrode 
exhaust of said fuel cell to a mixing apparatus inlet. 

31. The fuel cell system of Claim 30 wherein said recirculation loop comprises a heat exchanger. 

32. The fuel cell system of Claim 30 wherein said recirculation loop comprises a pressure swing absorption, water 

absorption, or membrane separation apparatus. 

33. The fuel cell system of Claim 30 wherein said recirculation loop fiuidly connects the cathode exhaust of said fuel 
cell to a mixing apparatus inlet. 

34. The fuel cell system of Claim 30 wherein said recirculation loop fiuidly connects the anode exhaust of said fuel 
cell to a mixing apparatus inlet. 

Patentansp rUche 

1. Verfahren zum Betreiben eine Brennstoffzelle, wobei die Brennstoffzelle eine Kathode, eine Anode und einen 
festen Polymerelektrolyten umfaQt, wobei das Verfahren ein Zufuhren eines Brennstoffstromes mit Dimethylather 
zu der Anode umfaBt, wobei Dimethylather unmitteibar an der Anode oxidiert wird. 

2. Verfahren nach Anspruch 1 , bei dem die Betriebstemperatur des Brennstoffes weniger als etwa 200''C betragt. 



3. Verfahren nach Anspruch 2, bei dem die Brennstoffzelle eine Feststoffpolymerbrennstoffzelle ist und der Elektrolyt 
eine Protonenaustauschmembran umfaf^. 

4. Verfahren nach Anspruch 3, bei dem der Brennstoffstrom eine Flussigkeit ist. 

5. Verfahren nach Anspruch 4, bei dem der f lusslger Brennstoffstrom zusatzlich Wasser umfaBt. 

6. Verfahren nach Anspruch 6, bei dem der flussiger Brennstoffstrom mehr als etwa 1 ,5 mol Dimethylather pro Liter 
Wasser umfa3t. 

7. Verfahren nach Anspruch 5, bei dem der flussiger Brennstoffstrom einen zusE&tzllchen Brennstoff umfaBt. 

8. Verfahren nach Anspruch 7. bei dem der zusatzlicher Brennstoff Methanol ist. 

9. Verfahren nach Anspruch 8, bei dem der flussiger Brennstoffstrom mehr als etwa 0,1 mol Dimethylather pro Liter 
Wasser umfai3t. . 

10. Verfahren nach Anspruch 1 , bei dem der Brennstoffstrom der Anode bei einem Druck von mehr als etwa 4 bar 
absolut zugefuhrt wird. 

1 1 . Verfahren nach Anspruch 1 , bei dem die Anode einen Katalysator einer Platin-Ruthenium-Mlschung umfaf3t. 

1 2. Verfahren nach Anspruch 1 , bei dem der oxidierte Strom der Kathode bei.einem Druck von weniger als. etwa 3 bar 
absolut zugefuhrt wird. 

13. Verfahren nach Anspruch 1 , bei dem die Stoichlometrie des der Kathode zugefuhrten oxidierten Stromes weniger 
als etwa 1 ,6 betragt. 

14. Verfahren nach Anspruch 1 , bei dem die Brennstoffzelle bei einer Stromdichte von weniger als etwa 300 mA/cm^ 
betrieben wird. 

15. Verfahren nach Anspruch 1 , mit Rezirkulieren nicht reagierten Dimethylathers von dem Anodenauslaf3 der Brenn- 
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stoffzellelnden-Brennstoffstrom^ " 

1 6. Verfahren nach Anspruch 1 , mit Rezirkulieren nicht reagierten Dimethylathers von dem KathodenauslaB der Brenn- 
stoffzelle in den Brennstoff Strom. 

17. Verfahren nach Anspruch 15, bei dem das Rezirkulieren ein Trennen nicht reagierten Dimethylathers von dem 
AnodenauslaB durch Dmckschwinungsabsorption, Wasserabsorption oder IViembramseparation umfaBt. 

18. Verfahren nach Anspruch 16, bei dem das Rezirkulieren ein Trennen nicht reagierten Dimethylathers von dem 
KathodenauslaB durch Druckschwingungsabsorptlon, Wasserabsorption Oder Membranseparatlon umfaGt. 

19. Verfahren nach Anspruch 1 , mit Einfuhren von DImethylather in die Kathode vor einem Abschalten, wodurch ein 
Einfrieren der Kathode beim Abschalten verhindert wird. 

20. Verfahren nach Anspruch 1 . mit Variieren der Zusammensetzung des der Anode zugefuhrten Brennstoffstromes 
wahrend des Bethebes der Brennstoff zeile. 

21. Verfahren nach Anspruch 20, bei dem die Zusammensetzung gemaB einem Brennstoffzellenbetriebsparameter 

varliert. 

22. Ein Brennstoff zeilensystem mit einer Brennstoffzelle und elner Brennstoffstromzufuhr mit Dimethylather, wobei 
die Brennstoffzelle eine Kathode, eine Anode und einen Feststoffpolymerelektrolyten umfaBt, wobei die Anode so 
in Fluidverbindung verbunden 1st, dafS sie DImethyldther in der Dimethyldther umfassenden Brennstoffzufuhr un- 
mittelbar oxidiert. 

23. Brennstoffzellensystem nach Anspruch 22, bei dem* die Brennstoffzelle eine Feststoffpolymerbrennstoffzelle ist 
und der Elektrolyt eine Protonenaustauschmembran umfafBt. 

24. Brennstoffzellensystem nach Anspruch 23, bei dem der Brennstoffstrom ein Fliissigkeitsstrom ist und die Brenn- 
stoffzelle eine flussigkeitsgespeiste Feststoffpolymertsrennstoff zeile ist. 

25. Brennstoffzellensystem nach Anspruch 24, bei dem der Brennstoffstrom Wasser umfaBt. 

26. Brennstoffzellensystem nach Anspruch 25, bei dem der Brennstoffstrom einen zusatzlichen Brennstoff umfa3t. 

27. Brennstoffzellensystem nach Anspruch 26, bei dem der zusatzliche Brennstoff Methanol ist. 

28. Brennstoffzellensystem nach Anspruch 25, bei dem das System umfaBt: 

eine Mischvorrichtung, um den Brennstoffstrom der Brennstoffzelle bereitzustellen, wobei die Anode in Fluid- 
verbindung mit einem AuslaB der Mischvorrichtung verbunden ist, und 

Dimethylather- und Wasserversorgungen, die in Fluidverbindung mit EInlassen der Mischvorrichtung verbun- 
den sind. 

29. Brennstoffzellensystem nach Anspruch 27, bei dem das System umfaBt: 

eine Mischvorrichtung, um den Brennstoffstrom der Brennstoffzelle bereitzustellen, wobei die Anode in Fluid- 
verbindung mit einem AuslaB der Mischvorrichtung verbunden ist, und 

Dimethylather-, Wasser- und Methanolversorgungen, die in Fluidverbindung mit Einlassen der Mischvorrich- 
tung verbunden sind. 

30. Brennstoffzellensystem nach Anspruch 28, bei dem das System einen Rezirkulierungskreislauf umfaBt, der einen 
EtektrodenauslaB der Brennstoffzelle mit einem EinlaB der Mischvorrichtung in Fluidverbindung vertindet. 

31. Brennstoffzellensystem nach Anspruch 30, bei dem der Rezirkulierungskreislauf einen Warmeaustausches um- 
faBt. 

32. Brennstoffzellensystem nach Anspruch 30, bei dem der Rezirkulierungskreislauf eine Vorrichtung zur Druck- 
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schwmgungsabsorptionrWasserabsorption~oderMembranseparation-umfaBt: 

33. Brennstoffzellensystem nach Anspruch 30, bei dem der Rezirkulierungskreislauf den KathodenauslaB der Brenn- 
stoffzelle mit einen EinlaB der Mischvorrichtung in Fluidverbindung verbindet. 

34. Brennstoffzellensystem nach Anspruch 30, bei dem der Rezirkulierungskreislauf den AnodenauslaB der Brenn- 
stoffzelle mit einen EinlaB der Mischvorrichtung in Fluidverbindung verbindet. 



Revendicatlons 

1 . Precede de fonctionnement d'une pile k combustible, ladite pile k combustible comprenant une cathode, una anode 
et un Electrolyte polymers sollde, ledrt proc6d6 comprenant I'amende d'un flux de carturant comprenant de rather 
dim§thylique k ladite anode, dans lequel Tether dim^thylique est oxydE directement k ladite anode. 

2. ProcEdE selon la revendication 1 , dans lequel la temperature de fonctionnement dudit combustible est inf§rieure 
k environ 200 °C. 

3. Precede selon la revendication 2, dans lequel ladite pile k combustible est une pile a combustible polymere sollde 
et ledit Electrolyte comprend une membrane d'echange de proton. 

4. ProcEdE selon la revendication 3, dans lequel ledit flux de combustible est un liquide. 

5. ProcEdE selon la revendication 4, dans lequel ledit flux de combustible liquide comprend de I'eau en addition. 

6. ProcEdE selon la revendication 5, dans lequel ledit flux de combustible liquide comprend plus d'environ 1 ,5 moles 
d'Ether dimEthylique par litre de I'eau. 

7. ProcEdE selon la revendication 5, dans lequel ledit flux de combustible liquide comprend un combustible addition- 
nel. 

8. ProcEdE selon la revendication 7, dans lequel ledit combustible addltionnel est le methanol. 

9. ProcEdE selon la revendication 8, dans lequel ledit flux de combustible liquide comprend plus d'environ 0,1 mole 
d'ether dimEthylique par litre de I'eau. 

10. ProcEdE selon la revendication 1 , dans lequel ledit flux de combustible est amenE k ladite anode k une presslon 
absolue superieure k environ 4 bars. 

1 1 . Precede selon la revendication 1 , dans lequel ladite anode comprend un catalyseur en alliage de ruthenium et de 
platine. 

12. Procede selon la revendication 1 , dans lequel le flux d'oxydant est amenE k ladite cathode k une pression absolue 
inferieure k environ 3 bars. 

13. ProcEdE selon la revendication 1, dans lequel la stoechlomEtrle du flux d'oxydant amenE k ladite cathode est 
infErieure k environ 1 ,6. 

14. Procede selon la revendication 1 , dans lequel la pile k combustible fonctionne k une density de courant inferieure 
k environ 300 mA/cm^. 

15. Procede selon la revendication 1 , comprenant le recyclage de I'ether dimethylique n'ayant pas r6agi provenant de 
la sortie de la cathode de ladite pile k combustible dans ledit flux de combustible. 

16. ProcEdE selon la revendication 1 , comprenant le recyclage de i*Ether dimEthylique n'ayant pas rEagi provenant de 
la sortie de la cathode de iadlte pile k combustible dans ledit flux de combustible. 

1 7. ProcEdE selon la revendication 1 5, dans lequel le recyclage comprend la separation de I'ether dimethylique n'ayant 
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pasTeagiprovenantdelasortiedel'anodeparabsorptlond'oscillatlondepressionva 

par membrane. 

1 8. Precede selon la revendication 1 6, dans lequel le recyclage comprend la separation de Tether dimethyllque n'ayant 
5 pas r^agi proven ant de la sortie de la cathode par absorption d'osclllation de press ion, absorption d'eau ou sepa- 
ration par membrane. 

19. Proc6d6 selon la revendication 1 , comprenant I'lntroduction d'ether dimethylique dans ladlte cathode avant I'an^et, 
ce qui empdche la congelation de la cathode pendant I'arrdt. 

10 

20. Precede selon ia revendication 1 , comprenant I'operation consistant a faire varler la composition dudit flux de 
combustible amene a ladite anode pendant le fonctionnement de ladite pile k combustible. 

21 . Procede selon la revendication 20, dans lequel ia composition varle selon un param^tre de fonctionnement de la 
15 pile a combustible. 

22. Systeme de pile k combustible comprenant une pile k combustible et une amende de flux de combustible com- 
prenant de I'ether dimethyllque, ladite pile k combustible comprenant une cathode, une anode et un electrolyte 

polym6re solide, dans lequel ladite anode est reiiee par flulde pour oxyder directement I'ether dimethyllque dans 
20 ladite amende de flux de combustible comprenant de I'ether dimethyllque. 

23. Systeme de pile k combustible selon la revendication 22, dans lequel ladite pile k combustible est une pile a 
combustible polymdre solide et ledit electrolyte comprend une membrane d'echange de proton. 

25 24. Systeme de pile a combustible selon la revendication 23, dans lequel ledit flux de combustible est un flux llquide 
' -^et ladite pile k combustible est une pile~d~combustible k polymdre solide a alimentation llquide. 

25. Systeme de pile k combustible selon la revendication 24, dans lequel ledit flux de combustible comprend de I'eau. 

30 26. Systeme de pile a combustible selon la revendication 25. dans lequel ledit flux de combustible comprend un com- 
bustible additionnei. 

27. Systeme de pile k combustible selon la revendication 26, dans lequel ledit combustible additionnei est le methanol. 
35 28. Systeme de pile a combustible selon la revendication 25, dans lequel ledit systeme comprend : 

un dispositif meiangeur pour fournir ledit flux de combustible destine k ladite pile k combustible, ladite anode 

est reiiee par flulde ^ une sortie de dispositif meiangeur; et des amenees d'ether dimethyllque et d'eau reliees 
par fluide k des entrees de dispositif meiangeur. 

40 

29. Systeme de pile k combustible selon la revendication 27, dans lequel ledit systeme comprend : 

un dispositif meiangeur pour fournir ledit flux de combustible destine a ladite pile k combustible, ladite anode 
est reiiee par fluide k une sortie de dispositif meiangeur; et des amenees d'ether dimethyllque, d'eau et de 
45 methanol reliees par fluide a des entrees de dispositif meiangeur. 

30. Systeme de pile k combustible selon la revendication 28, dans lequel ledit systeme comprend un circuit en boucle 
de recyclage reliant par fluide une sortie d'eiectrode de ladite pile k combustible k une entree de dispositif meian- 
geur. ... 

50 

31 . Systeme de pile k combustible selon la revendication 30, .dans lequel ledit circuit en boucle de recyclage comprend 
un echangeur de chaleur. 

32. Systeme de pile a combustible selon la revendication 30, dans lequel ledit circuit en boucle de recyclage comprend 
55 une absorption d'osclllation de pression, une absorption d'eau ou un dispositif de separation k membrane. 

33. Systeme de pile k combustible selon la revendication 30, dans lequel ledit circuit en boucle de recyclage relie par 
fluide la sortie de cathode de ladite pile k combustible k une entree de dispositif meiangeur. 
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34"Systeme"de'piIe"a"Combustible'seloniaTevendication SOrdanslequelieditcircul^^^ 

fluide la sortie d'anode de ladite pile k combustible ^ une entree de dispositif m^langeur. 
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FIG. 4 
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Stoichiometry 



FIG. 5 
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FIG. 7a 
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